Evaluation of Global and Regional Left Ventricular Function With 16-Slice Computed Tomography, Biplane Cineventriculography, and Two-Dimensional Transthoracic Echocardiography Comparison With Magnetic Resonance Imaging by Dewey, Marc et al.
FE
V
T
T
C
M
F
B
T
o
a
s
t
i
a
i
o
(
c
d
H
g
s
f
a
2
Journal of the American College of Cardiology Vol. 48, No. 10, 2006
© 2006 by the American College of Cardiology Foundation ISSN 0735-1097/06/$32.00
POCUS ISSUE: CARDIAC IMAGING
valuation of Global and Regional Left
entricular Function With 16-Slice Computed
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erlin, Germany
OBJECTIVES We sought to compare left ventricular (LV) function assessed with multislice computed
tomography (MSCT), biplane cineventriculography (CVG), and transthoracic echocardiog-
raphy (Echo), with magnetic resonance imaging (MRI) as the reference standard.
BACKGROUND With the same data as acquired for noninvasive coronary angiography, MSCT enables
registration of myocardial function.
METHODS A total of 88 patients (64 men and 24 women) underwent MSCT with 16 0.5 mm detector
collimation, CVG, and MRI, whereas Echo was retrospectively analyzed in a subset of 30
patients.
RESULTS Regarding the ejection fraction, the agreement was significantly superior for MSCT than for
CVG ( 10.2% vs.  16.8%; p  0.001) and Echo ( 11.0% vs.  21.2%; p  0.001). For
the end-diastolic and end-systolic volumes, the limits of agreement with CVG (p  0.001)
and Echo (p  0.001 and p  0.02, respectively) were also significantly larger than with
MSCT. In comparison with MSCT, CVG significantly overestimated the end-diastolic and
end-systolic volumes (p  0.001). Intraobserver analysis of MSCT yielded limits of
agreement for ejection fraction ( 4.8%), end-diastolic volume ( 15.6 ml) and end-systolic
volume ( 8.0 ml), and myocardial mass ( 18.2 g). The accuracy in identifying patients and
myocardial segments with abnormal regional function was significantly higher with MSCT
(84% and 95%) than with CVG (63% and 90%; p  0.002 and p  0.001), whereas MSCT
and Echo were not significantly different in identifying patients with abnormal regional
function.
CONCLUSIONS Our results indicate that the assessment of global and regional LV function with MSCT is
more accurate than with CVG, whereas MSCT is superior to Echo for global function. This
suggests that MSCT allows reliable evaluation of global and regional LV function. (J Am
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.04.104Coll Cardiol 2006;48:2034–44) © 2006 by the American College of Cardiology Foundation
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Mo reliably evaluate global left ventricular (LV) function is
f tremendous importance for determining the prognosis
nd therapeutic management in patients with known or
uspected cardiac diseases (1–3). Two-dimensional (2D)
ransthoracic echocardiography (Echo) is currently the clin-
cally most widely used method but is operator-dependant
nd might be impaired by a poor acoustic window and
nadequate endocardial border discrimination in 5% to 10%
f patients (4,5). Contrast biplane cineventriculography
CVG) can also assess global function as part of cardiac
atheterization (e.g., for coronary angiography) (6,7). The
rawbacks of CVG include the fact that it uses a projec-
From the Departments of Radiology and †Cardiology, Charité, Medical School,
umboldt-University, Berlin, Germany. Dr. Dewey is one of the principal investi-
ators in a multicenter study on computed tomography (CT) coronary angiography
ponsored by Toshiba Medical Systems and reports having received grant support
rom GE Healthcare Biosciences for comparing CT and magnetic resonance coronary
ngiography and lecture fees from Toshiba Medical Systems.c
Manuscript received January 25, 2006; revised manuscript received March 17,
006, accepted April 17, 2006.ional method that makes certain geometrical assumptions
8). Magnetic resonance imaging (MRI) is currently con-
idered the reference standard for assessment of myocardial
unction (9,10). It now seems feasible to perform reliable
oninvasive coronary angiography by using multislice com-
uted tomography (MSCT) with at least 12 detector rows
11–16). It would be a clinically important advantage if the
ame data as acquired for noninvasive coronary angiography
ith MSCT could be also used to analyze LV function.
hus, we sought to compare the agreement and correlation
f MSCT, CVG, and Echo with MRI as the reference
tandard for evaluation of global and regional LV function.
ETHODS
atients. We prospectively studied 88 consecutive patients
ith suspected coronary artery disease who underwent
SCT, CVG, and MRI within 48 h. Echo with quantifi-ation was retrospectively analyzed in the subset of 30
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November 21, 2006:2034–44 CT Evaluation of LV Functionatients with suspected coronary artery disease who under-
ent a clinically indicated standardized in-house examina-
ion within 14 days of MRI. The clinical indications for
cho were angina pectoris (14 patients, 47%), shortness of
reath (8 patients, 27%), arterial hypertension (6 patients,
0%), and pericardial effusion (2 patients, 7%). Magnetic
esonance imaging served as the reference standard for
omparison of MSCT, CVG, and Echo. The study group
onsisted of 64 men and 24 women (mean age 62  9
ears). Patients with renal insufficiency (creatinine of at least
.5 mg/dl), known allergy to iodinated contrast agents,
yperthyroidism, unstable angina pectoris, cardiac arrhyth-
ia, pregnancy, contraindications to MRI (e.g., pace-
aker), coronary artery stents, or bypass grafts were ex-
luded. Seventeen patients were smokers, 45 patients had
yperlipidemia, and 61 patients had arterial hypertension.
he study protocol was approved by the institutional review
oard; all patients gave written informed consent. Beta-
lockers were not administered for any of the 4 modalities
o avoid alteration of cardiac volumes for functional analysis.
RI. Magnetic resonance imaging was performed on a
.5-T scanner (Magnetom Sonata, Siemens AG, Erlangen,
ermany) equipped with a high-performance gradient sub-
ystem (maximum amplitude  40 mT/m and a minimum
ise time of 0.2 ms) with a 12-element phased-array coil
ptimized for cardiac imaging. For cardiac synchronization
nd monitoring, 3 electrodes of an active ECG system were
laced on the patient’s anterior hemithorax. Cinematic
agnetic resonance images were acquired along the 2- and
-chamber view and in the short-axis orientations with a
egmented true fast imaging and steady precession (True-
ISP) sequence with asymmetric sampling of echoes with
he following parameters: repetition time  2.8 ms, echo
ime  1.2 ms, slice thickness  8 mm, no interslice gap,
oxel size  1.7  1.3  8 mm, acquisition window/phase
able 1. Results of Correlation Analysis for MSCT and CVG as
unction in 88 Patients
MRI MSCT CVG
jection fraction (%) 65.3  12.1 63.1  12.1 63.3  11.0
nd-diastolic
volume (ml)
100.8  40.4 107.0  40.1 180.7  53.6
nd-systolic volume
(ml)
38.3  31.8 43.5  32.2 69.0  39.5
yocardial mass (g) 135.2  49.2 131.1  46.9 NA
Abbreviations and Acronyms
CVG  biplane cineventriculography
Echo  transthoracic echocardiography
LV  left ventricular/ventricle
MRI  magnetic resonance imaging
MSCT  multislice computed tomographyVG  (biplane) cineventriculography; MRI  magnetic resonance imaging; MSCT  m
stimate.34 ms (24 segments/phase), slice resolution  100%, and
ip angle  54°. We chose a length of 34 ms for 1 phase,
ecause the temporal resolution should be between 20 and
0 ms to allow accurate assessment of myocardial function
ith MRI (17). Parallel imaging (generalized autocalibrat-
ng partially parallel acquisitions) with an acceleration factor
f 2 was employed (18). Two slices along the cardiac
hort-axis were acquired within 1 breath hold of 14 heart-
eats, and the entire heart was covered from base to apex
ithout gaps. Analysis of the global LV function parameters
as performed by 1 reader blinded to the results of MSCT,
VG, and Echo with the short-axis slices with ARGUS
ccording to Simpson’s rule (Version 2002B, Siemens). For
ssessment of myocardial mass, the papillary muscles were
ssigned to the LV muscle (19,20). Basal slices with 180°
ircumferential LV muscle ring at end-systole were excluded
rom analysis as described recently (21). Regional LV
unction was assessed with a 4-point scale (1, normal; 2,
ypokinesia; 3, akinesia; 4, dyskinesia) (22) for all 17
yocardial segments according to the American Heart
ssociation (AHA) segmentation in each patient (23).
SCT. Multislice computed tomography was performed
uring 1 breath hold on a 16-slice CT scanner (Aquilion,
oshiba, Otawara, Japan) with 400 ms gantry rotation time,
6  0.5 mm detector collimation, 0.35  0.35 mm2 pixel
ize (10 line pairs/cm), 120 kV, 300 mA, and 0.2 pitch. The
ffective dose was estimated with CT-Expo Version 1.3
24). A nonionic contrast agent (iodixanol, visipaque 320,
20 mg I/ml, GE-Healthcare Biosciences, Buckingham-
hire, United Kingdom) was injected intravenously at a
peed of 3.5 ml/s. The manual sure-start feature of the
canner was used to visualize the influx of the contrast
edium (bolus-tracking) and to start image acquisition.
mages were reconstructed with the multisegment approach
25) correlated with the raw data from up to 4 heartbeats
12) at 10 time points at 10% intervals with the center of the
econstruction window being between 0% and 90% of the
ardiac cycle as described recently (26). The major determi-
ant of image quality in cardiac MSCT is temporal resolu-
ion, which is defined by the image acquisition window. It
as recently shown that cardiac function can be accurately
ssessed by MSCT with multisegment reconstruction with-
ut the need to alter heart rates by administration of
pared With MRI for Evaluation of Global Left Ventricular
MSCT vs. MRI CVG vs. MRI
0.91; p  0.001; SEE  5.1;
lope  0.91; intercept  3.74
R  0.73; p  0.001; SEE  7.5;
slope  0.66; intercept  20.2
0.87; p  0.001; SEE  20.0;
lope  0.86; intercept  20.1
R  0.77; p  0.001; SEE  34.2;
slope  1.02; intercept  77.5
0.92; p  0.001; SEE  12.8;
lope  0.93; intercept  7.9
R  0.89; p  0.001; SEE  18.4;
slope  1.10; intercept  26.8
0.93; p  0.001; SEE  17.3;
lope  0.89; intercept  11.3
NACom
R 
s
R 
s
R 
s
R 
sultislice computed tomography; NA  not applicable; SEE  standard error of the
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CT Evaluation of LV Function November 21, 2006:2034–44eta-blockers (25). Thus, no beta-blockers were adminis-
ered for MSCT and the other 3 functional modalities. The
mages reconstructed at the equidistant time points within
he cardiac cycle enabled us to derive functional information
rom the MSCT data on the scanner’s workstation with true
ontiguous 8-mm short-axis orientations and the volume
ethod of the scanner’s semi-automatic cardiac function
nalysis software as described (26). This volumetric ap-
roach allowed choosing the end-diastolic and end-systolic
ime points according to the LV volumes for all 10 time
oints. As with MRI, the automatically generated endocar-
ial contours excluded the papillary muscles (26). In this
ay, 1 reader blinded to the results of MRI, CVG, and
cho calculated LV volumes according to Simpson’s rule.
asal slices with 180° circumferential LV muscle ring at
nd-systole were excluded from analysis as described re-
ently (21). Regional LV function was also assessed with the
hort-axis orientations and 2- and 4-chamber views with the
-point scale for all 17 myocardial segments in each patient.
ntraobserver variability for assessment of global and re-
ional function with MSCT was evaluated for 29 randomly
hosen data sets after a time delay of at least 6 months after
he first reading.
VG. Selective X-ray cineventriculography was performed
ith standard techniques with a frame rate of 30/s. Forty to
0 ml of a nonionic contrast agent was injected into the LV
ith a flow rate of 10 to 12 ml/s with a 5-F or 7-F pigtail
atheter. An interventional cardiologist who was unaware of
he MRI, MSCT, and Echo results analyzed LV function
Integris 3000, Philips Medical Systems, Bothel, Washing-
on) on 2 orthogonal projections (30° right anterior oblique
nd 60° left anterior oblique) with the area-length method
8,27) and metallic spheres as calibration devices. In this
ay, absolute LV function values could be determined
esides the ejection fraction. Regional LV function was also
ssessed with the 4-point scale for all 17 myocardial seg-
ents in each patient.
cho. Echo was performed at a frame rate of 30/s with
tandard short-axis, 2- and 4-chamber views (GE Vingmed,
ivid 7 Dimension, Horton, Norway; 2.5-MHz trans-
ucer). Left ventricular end-diastolic and end-systolic vol-
mes were calculated with the modified biplane Simpson
ethod. One observer who was unaware of the MRI,
SCT, and CVG results traced the endocardial surface of
able 2. Results of Correlation Analysis for MSCT and Echo as
unction in 30 Patients
MRI MSCT Echo
jection fraction (%) 63.8  14.3 60.8  15.1 61.5  11.6
nd-diastolic
volume (ml)
109.5  57.8 118.8  55.0 130.4  55.7
nd-systolic volume
(ml)
46.0  47.5 54.1  45.8 50.5  33.2
cho  transthoracic echocardiography; other abbreviations as in Table 1.he LV in 2 orthogonal planes (the apical 4-chamber and S-chamber view) (5). Volumetric calculation was based on
ividing the ventricular volume into a series of slices
quidistant along the long axis of the ventricle, and built-in
oftware allowed estimation of LV volumes even when the
entricles were distorted. Regional LV function was also
ssessed with the 4-point scale for all 17 myocardial seg-
ents in each patient.
tatistical analysis. All data are expressed as mean values
SD unless otherwise noted. Pearson’s correlation
oefficient (28) and the limits of agreement (1.96  SD
95% confidence intervals [CIs]) determined with
land-Altman analysis (29) served to compare global LV
unction parameters assessed by MSCT, CVG, and Echo
ith the reference standard MRI. For Bland-Altman
nalysis, a 2-tailed F test was used to analyze the equality
f the resulting limits of agreement of the comparisons of
SCT, CVG, and Echo with MRI (9), and a 1-sample
test was used to analyze whether the mean differences
rom 0 (systematic under-estimation or overestimation of
esults) of MSCT, CVG, and Echo in comparison with
RI were significantly different from each other. In-
raobserver variability for assessment of global function
ith MSCT was evaluated for 29 randomly chosen data
ets by 1 reader after a time delay of at least 6 months
fter the first reading and was also analyzed with the
imits of agreement (1.96  SD  95% CIs) determined
ith Bland-Altman analysis (29). The results of MRI
erved as the reference standard for assessing the sensi-
ivity, specificity, accuracy, and negative and positive
redictive values of MSCT, CVG, and Echo for detec-
ion of regional wall motion abnormalities in an
ntention-to-diagnose design (no patients or segments
ere excluded from analysis owing to inadequate image
uality) (30). The pairwise McNemar’s test and the
hi-square test were used to compare the diagnostic
ccuracy in the detection of regional wall motion abnor-
alities on a 4-point scale (1, normal; 2, hypokinesia; 3,
kinesia; 4, dyskinesia) (22) in a per-patient and per-
egment analysis (with the 17-segment model of the
HA) (23) between MSCT, CVG, and Echo. Variability
f regional function analysis with MSCT in comparison
ith MRI as the reference standard was measured with
he pairwise McNemar’s test and Cohen’s kappa statistic.
pared With MRI for Evaluation of Global Left Ventricular
MSCT vs. MRI Echo vs. MRI
0.93; p  0.001; SEE  5.7;
lope  0.99; intercept  2.1
R  0.70; p  0.001; SEE  8.8;
slope  0.55; intercept  26.7
0.91; p  0.001; SEE  23.5;
lope  0.86; intercept  24.1
R  0.63; p  0.001; SEE  44.1;
slope  0.61; intercept  63.9
0.94; p  0.001; SEE  16.0;
lope  0.91; intercept  12.5
R  0.85; p  0.001; SEE  17.9;
slope  0.59; intercept  23.2Com
R 
s
R 
s
R 
statistical analyses were conducted with SPSS version
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November 21, 2006:2034–44 CT Evaluation of LV Function2.0 (SPSS, Chicago, Illinois). A p value 0.05 was
onsidered significant.
ESULTS
ultislice computed tomography, CVG, and MRI were all
erformed without complications in any of the 88 patients.
cho was retrospectively analyzed in a subset of 30 patients.
o clinically relevant cardiovascular events occurred between
he procedures. For MSCT the patients had to hold their
reath for 29  3 s, and 18 patients (20%) received preoxy-
enation. The effective dose of MSCT was 12.2  1.5 mSv
nd an amount of 108  11 ml of contrast agent was
dministered. The width of the image acquisition window/
-R interval for MSCT was 148  35 ms (median: 149 ms;
ange: 80 to 200 ms) at an average heart rate during scanning
f 69.9  10.8 beats/min, resulting in an image acquisition
igure 1. Agreement for assessment of ejection fraction between magnetic
nd MRI and biplane cineventriculography (CVG) (B) in 88 patients. The
ransthoracic echocardiography (Echo) (C and D) in the subset of 30 patien
gainst the difference of the 2. The solid line is the mean of the differences,1.96  SD) according to Bland and Altman (29). There were significantly lar
B and D) than for the comparisons of MSCT with MRI (A and C).indow of 17.2% of the R-R interval. On average 2.2  0.6
egments (median: 2 segments; range: 1 to 3 segments) were
sed for multisegment reconstruction of MSCT. Fifty-seven
65%), 47 (53%), and 4 (13%) of the MSCT, CVG, and Echo
xaminations, respectively, were performed on the same day as
he MRI. The mean interval between MSCT, CVG, and
cho and the reference standard MRI was 0.4 0.7 days, 0.5
0.5 days, and 1.1 4.1 days, respectively. Forty-seven of the
8 patients had significant coronary artery disease as defined by
onventional coronary angiography (at least one 50% diameter
tenosis). Magnetic resonance imaging served as the reference
tandard for assessment of global and regional function with
SCT, CVG, and Echo.
V ejection fraction. The ejection fraction showed sig-
ificant correlations (p  0.001) for the comparisons of
SCT, CVG, and Echo with the standard of reference
ance imaging (MRI) and multislice computed tomography (MSCT) (A)
ment is also compared with the reference standard (MRI) for MSCT and
o underwent Echo. The mean of the 2 methods compared is always plotted
as the dashed lines mark the limit of agreement (95% confidence intervalsreson
agree
ts wh
whereger limits of agreement for the comparison of CVG and Echo with MRI
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CT Evaluation of LV Function November 21, 2006:2034–44ith a higher correlation and slope for MSCT, whereas
he intercepts (differences of the regression line from 0 on
he y-axis) were larger for CVG and Echo (Tables 1 and
). In Bland-Altman analysis, the limits of agreement
95% CIs) for MSCT were significantly smaller than for
VG ( 10.2% vs.  16.8%; p  0.001 with the F test)
nd Echo ( 11.0% vs.  21.2%; p  0.001 with the F
est) (Fig. 1).
V end-diastolic and end-systolic volume. The end-
iastolic and end-systolic volumes showed significant cor-
elations (p  0.001) for the comparisons of MSCT, CVG,
nd Echo with MRI, again with larger intercepts for CVG
nd Echo (Tables 1 and 2). In Bland-Altman analysis, there
ere significantly larger limits of agreement for CVG
 66.7 ml) than for MSCT ( 40.5 ml; p  0.001) and
igure 2. Agreement for assessment of end-diastolic volume between MRI
ompared with the reference standard (MRI) for MSCT and Echo (C an
n Figure 1. There were significantly larger limits of agreement for the comSCT with MRI (A and C), and there was also a significantly larger overestim
). Abbreviations as in Figure 1.here was also a significantly larger overestimation of the
nd-diastolic volume with CVG (80 ml) than with MSCT
6.2 ml; p  0.001 with the t test; Figs. 2A and 2B). In
land-Altman analysis, the limits of agreement for MSCT
ere significantly smaller than for Echo ( 47.8 ml vs. 
5.8 ml; p  0.001 with the F test) (Figs. 2C and 2D).
land-Altman analysis also demonstrated significantly
arger limits of agreement for the assessment of end-systolic
olume with Echo ( 51.2 ml) than with MSCT ( 32.1
l; p 0.02 with the F test) (Figs. 3C and 3D). There were
lso significantly larger limits of agreement for end-systolic
olume with CVG ( 36.4 ml) than with MSCT ( 25.3
l; p 0.001 with the F test) (Figs. 3A and 3B). The mean
f the differences of end-systolic volume in Bland-Altman
nalysis had a significantly larger deviation from 0 for CVG
MSCT (A) and MRI and CVG (B) in 88 patients. The agreement is also
in the subset of 30 patients according to Bland and Altman as described
on of CVG and Echo with MRI (B and D) than for the comparisons ofand
d D)
parisation of the end-diastolic volume with CVG than with MSCT (A and
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November 21, 2006:2034–44 CT Evaluation of LV Function30.7 ml) than with MSCT (5.2 ml, p  0.001 with the t
est) (Figs. 3A and 3B).
V myocardial mass. For assessment of myocardial mass,
nly MSCT could be compared meaningfully with MRI
31), and this comparison resulted in limits of agreement of
35.4 g (Fig. 4). Linear regression analysis revealed
ignificant linear correlations, a slope of 0.89, and an r value
f 0.93 for this comparison (p  0.001) (Table 1).
ntraobserver variability. For the 29 randomly selected
atients who had intraobserver variability of MSCT ana-
yzed after an interval of at least 6 months, the limits of
greement for ejection fraction, end-diastolic volume, end-
ystolic volume, and myocardial mass were  4.8%,  15.6
l,  8.0 ml, and  18.2 g, respectively, demonstrating a
ow variability for MSCT (Figs. 4 and 5).
er-patient regional function. Magnetic resonance imag-
ng demonstrated at least 1 myocardial segment with a wall
igure 3. Agreement for assessment of end-systolic volume between MRI
ompared with the reference standard (MRI) for MSCT and Echo (C an
n Figure 1. There were significantly larger limits of agreement for the com
RI, and there was also a significantly larger overestimation of the end-sotion deficit in 34 of the 88 patients. An example of a Megional wall motion abnormality as detected with all 4
iagnostic methods is shown in Figure 6 (see the Appendix
or supplementary video files). The sensitivity of MSCT to
dentify these patients (76% [26 of 34 patients]) was
ignificantly higher (p  0.02) than that of CVG (47% [16
f 34 patients]). Regarding the differentiation of patients
ith and without wall motion abnormalities, Cohen’s kappa
alues for MSCT and CVG in comparison with MRI were
.66 and 0.20, respectively, indicating moderate and poor
greement. The accuracy and specificity of MSCT (84% [74
f 88 patients] and 89% [48 of 54 patients]) were also
ignificantly higher (p  0.002 and p  0.03, respectively)
han that for CVG (63% [55 of 88 patients] and 72% [39 of
4 patients]). In contrast, the overall diagnostic accuracy of
SCT and Echo was not significantly different (p  0.51
ith the pairwise McNemar’s test) with sensitivities of 78%
14 of 18 patients) and 67% (12 of 18 patients), respectively.
SCT (A) and MRI and CVG (B) in 88 patients. The agreement is also
in the subset of 30 patients according to Bland and Altman as described
n of CVG and Echo with MRI than for the comparisons of MSCT with
c volume with CVG than with MSCT. Abbreviations as in Figure 1.and M
d D)
parisoultislice computed tomography and Echo correctly iden-
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CT Evaluation of LV Function November 21, 2006:2034–44ified 10 and 11 of the 12 patients without wall motion
eficits, respectively. Of the 29 patients analyzed a second
ime with MSCT, 90% (26 patients) were assigned to the
ame category as during the first analysis; the pairwise
cNemar’s test showed no significant differences between
he 2 assessments, and Cohen’s kappa was 0.79, indicating
ood assessment agreement with MSCT.
er-segment regional function. In the 1,496 myocardial
egments (in 88 patients) that were assessed for regional
all motion deficits with MRI, MSCT, and CVG, the
ensitivity to detect any abnormality (a score of at least 2)
as 75% for MSCT (100 of 133) and 38% for CVG (51
f 133; p  0.001 with chi-square test). The accuracy and
pecificity of MSCT (94.9% [1,419 of 1,496 segments]
nd 96.8% [1,319 of 1,363 segments], respectively) were
lso significantly higher (p  0.001 and p  0.007,
espectively) than that for CVG (89.6% [1,341 of 1,496
egments] and 94.6% [1,290 of 1,363 segments], respec-
ively). Regarding the exact classification according to the
-point scoring system, Cohen’s kappa values for MSCT
nd CVG in comparison with MRI were 0.67 and 0.30,
espectively, indicating moderate and poor agreement.
he agreement for all myocardial segments on the
-point scale was 94.3% (1,410 of 1,496 segments) and
8.7% (1,327 of 1,496 segments) with MSCT and CVG,
espectively, and the McNemar’s test showed significant
ifferences in the overall assessment between MSCT and
VG (p  0.001). For Echo, 510 myocardial segments
ere analyzed for regional wall motion deficits, and
greement on the 4-point scale was 91.0% (464 of 510
egments) and 80.0% (408 of 510 segments) with MSCT
nd Echo, respectively; and the pairwise McNemar‘s test
howed significant differences in the overall assessment
etween MSCT and Echo (p  0.007). Moreover, the
ensitivity and accuracy of MSCT (80.5% [70 of 87
igure 4. Agreement for assessment of myocardial mass between MRI an
igure 1.egments] and 92.0% [469 of 510 segments], respec- bively) were significantly higher (both p  0.001) than
hose for Echo (39.1% [34 of 87 segments] and 82.7%
422 of 510 segments], respectively), whereas the speci-
cities were not significantly different (94.3% [399 of 423
egments] vs. 91.7% [388 of 423 segments]; p  0.14).
f the 493 myocardial segments (in 29 patients) analyzed
second time with MSCT, 96.8% (477 segments) were
ssigned to the same category on the 4-point scale as
uring the first analysis, the pairwise McNemar’s test
howed no significant differences between the assess-
ents, and Cohen’s kappa was 0.82, indicating good
ssessment agreement with MSCT also in the per-
egment analysis.
ISCUSSION
ultislice computed tomography is an emerging modal-
ty for the noninvasive assessment of cardiac anatomy and
unction. This study showed for the first time that the
valuation of global and regional LV function with
SCT is more accurate than CVG in comparison with
RI as the reference standard. There was no significant
ifference of MSCT with Echo in identifying patients
ith abnormal regional function, whereas the agreement
or assessment of ejection fraction and end-diastolic and
nd-systolic volume was significantly superior with
SCT. The variability of MSCT in determining global
nd regional LV function was proven to be sufficiently
mall for clinical application. Given that accurate nonin-
asive coronary angiography has become feasible with
SCT with at least 12 detector rows (11–16), the results
f the present study have relevant clinical implications
ecause it has become possible to perform a combined
ssessment of the coronary arteries and LV function
oninvasively with the same data acquired within a single
CT (A) and intraobserver agreement for MSCT (B). Abbreviations as inreath hold MSCT examination.
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November 21, 2006:2034–44 CT Evaluation of LV Functionomparison with previous studies. The LV ejection frac-
ion that could be assessed with CVG compared with MRI
ith limits of agreement ( 17%) comparable to those
eported in previous studies ( 19% [9] and  24% [32]).
owever, from previous head-to-head comparisons with
RI, it is well known that end-diastolic and end-systolic
olumes are systematically overestimated by cineventricu-
ography (9,27,33) as a result of geometric assumptions (8)
nd the angiographic magnification error (34). These ob-
ervations were confirmed by the present study. Moreover,
he assessment of regional LV function was more accurate
ith the cross-sectional modality MSCT than with CVG,
hich can be explained by the projectional nature of the
VG data. For this reason, CVG is especially limited in the
etection of lateral and septal wall motion abnormalities as
hown in a comparison of CVG with Echo as another
ross-sectional imaging modality (35). The limits of agree-
ent between CVG and MRI are too wide for reliable
nterchangeability of the LV volumes determined by both
ethods (e.g., within clinical studies for assessment of the
ffect of therapeutic interventions on myocardial function).
ellenger et al. (10) have shown in 52 patients that the
nterchangeability of different methods for assessment of
yocardial function is very limited, especially for MRI, 2D
cho, and radionuclide ventriculography. Our results sug-
est, like those reported by Buck et al. (9) in 23 patients,
hat this holds also true for the comparison of CVG, Echo,
nd MRI in assessing end-diastolic and end-systolic vol-
mes. In contrast, all global LV volumes can be reliably and
nterchangeably measured with MSCT and show significant
orrelation and good agreement with MRI, as reported in
revious studies (21,36–39). Thus, MSCT might be used as
n alternative in patients with a poor acoustic window in
cho or contraindications to MRI for evaluating global and
egional LV function or in combination with noninvasive
oronary angiography.
The agreement of MSCT with MRI in evaluating
lobal and regional LV function might be further im-
roved with shorter gantry rotation times. The average
ength of the image acquisition window/heartbeat
chieved in the present study (148 ms) is considerably
horter than the one achieved in a previous study (208
s) (21). Nevertheless, MSCT is still far from the
emporal resolution that is necessary for optimal detec-
ion of the end-systolic period (length of the image
cquisition window of about 20 to 50 ms) (17,40).
Regarding intraobserver variability, the limits of agree-
ent of MSCT for ejection fraction, end-diastolic volume,
nd end-systolic volume ( 4.8%,  15.6 ml,  8.0 ml,
espectively) are comparable to those reported by Buck et al.
9) for three-dimensional (3D) Echo ( 5.4%,  12.4 ml,
7.8 ml, respectively). Kühl et al. (41) recently reported
lightly larger intraobserver limits of agreement for ejection
raction with real-time 3D Echo with a semi-automatic
nalysis tool ( 8.2%). The intraobserver variability forigure 5. Intraobserver agreement for assessment of ejection fraction (A),
nd-diastolic volume (B), and end-systolic volume (C) with MSCT in 29
atients randomly selected from the entire patient cohort. For all intraob-
erver analyses, the limits of agreement and the deviations from 0 were
ignificantly smaller than for the comparison of MSCT with MRI (all p 
.004) in the same 29 patients, demonstrating a low variability withnd-diastolic and end-systolic volumes with MRI is slightly
b
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CT Evaluation of LV Function November 21, 2006:2034–44etter than that of 3D Echo and MSCT as reported by
orenz et al. (19) on the basis of 6 subjects with limits of
greement of  7.6 ml and  4.6 ml, respectively. Contrast
nd noncontrast 2D Echo were recently shown to have
ufficiently small limits of agreement for ejection fraction in
ntraobserver analysis of  2.6% and 9.4%, respectively (4).
oreover, interobserver variability can also be significantly
educed with contrast administration for Echo (42). In-
raobserver agreement for per-patient and per-segment
egional function was sufficiently high in our study (90% and
6.8%, respectively) to allow reliable evaluation with
SCT.
Nowadays, Echo is the most widely used technique for
valuating LV function. In routine use, Echo offers some
mportant advantages when compared with the other diag-
ostic tests: it can be easily performed at the bedside as a
apid screening tool, does not expose the patients to
adiation, and it is inexpensive. Noncontrast 2D Echo in
omparison with MRI has been reported in a multicenter
rial involving 55 patients to be fairly accurate for assess-
ent of ejection fraction with limits of agreement of 
1.6% (42). These values are in the same range as in our
tudy for the comparison of MRI and Echo ( 21.2%).
ith contrast application, the limits of agreement of 2D
cho for ejection fraction can be reduced to  17.4% (42),
hereas MSCT has demonstrated in the present study
imits of agreement of  10.2%.
tudy limitations. The present study is, to our best knowl-
dge, the first head-to-head comparison of MSCT, CVG,
nd Echo with MRI as the reference standard, but it had
imitations. All patients included had suspected coronary
rtery disease, and the majority of the patients had a global
ardiac function in a normal range (16 patients had myo-
ardial infarction, 23 patients had an ejection fraction of
60% on MRI). Therefore, results of the study cannot be
eneralized to all cardiac patients, especially those with
igure 6. Example of a 48-year-old male patient with akinesia of the poste
hort-axis view), CVG (third column, left anterior oblique view), and Echronic myocardial infarction and remodeled ventricles. fowever, consecutive patients were included, and the re-
ults are valid for the comparison of MRI, MSCT, CVG,
nd Echo in patients with suspected coronary artery disease.
e did not compare MSCT of global and regional function
ith 3D Echo or contrast 2D Echo, which has been shown
o improve assessment (9,42,43), but with CVG, 2D Echo,
nd MRI. Echo was only performed in a subset of 30
atients. With standard halfscan reconstruction, the average
ength of the image acquisition window is 30% of the R-R
nterval, whereas with multisegment reconstruction this
ength, which defines the temporal resolution, can be
mproved to 17% of the R-R interval (25). Given this
emporal resolution of MSCT, it becomes obvious that
here is no benefit to be expected from more than 10
econstruction time points within each R-R interval be-
ause, with 10 reconstructions, each of them covers a
elative proportion of 10% of the R-R interval, which is
lready better than the actual temporal resolution. We did
ot systematically analyze the end-diastolic and end-systolic
ime points. An advantage over previous studies is that
atients with a variety of heart rates and no administration
f beta-blockers and thus unaltered ventricular function
ere examined.
onclusions. It should not be forgotten that MSCT in-
olves radiation exposure and use of an iodinated contrast
gent. Therefore, we believe that MSCT might be used for
ssessment of LV function in patients with a poor acoustic
indow in Echo or contraindications to MRI. In case of a
linical indication for noninvasive coronary angiography
ith MSCT, valid data regarding global and regional LV
unction can be obtained without additional radiation ex-
osure or contrast agent administration. The assessment of
lobal and regional LV function with MSCT is more
ccurate than with CVG in comparison with MRI, whereas
SCT is superior to Echo only in the evaluation of global
ral wall on MRI (first column, short-axis view), MSCT (second column,
st column, short-axis view). Abbreviations as in Figure 1.unction.
R
H
m
d
R
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
2043JACC Vol. 48, No. 10, 2006 Dewey et al.
November 21, 2006:2034–44 CT Evaluation of LV Functioneprint requests and correspondence: Dr. Marc Dewey, Charité,
umboldt-Universität zu Berlin, Institut für Radiologie, Schu-
annstrasse 20/21, 10117 Berlin, Germany. E-mail: marc.
ewey@charite.de.
EFERENCES
1. Cohn PF, Gorlin R, Cohn LH, Collins JJ Jr. Left ventricular ejection
fraction as a prognostic guide in surgical treatment of coronary and
valvular heart disease. Am J Cardiol 1974;34:136–41.
2. The Multicenter Postinfarction Research Group. Risk stratification
and survival after myocardial infarction. N Engl J Med 1983;309:
331–6.
3. Hammermeister KE, DeRouen TA, Dodge HT. Variables predictive
of survival in patients with coronary disease. Selection by univariate
and multivariate analyses from the clinical, electrocardiographic, exer-
cise, arteriographic, and quantitative angiographic evaluations. Circu-
lation 1979;59:421–30.
4. Malm S, Frigstad S, Sagberg E, Larsson H, Skjaerpe T. Accurate and
reproducible measurement of left ventricular volume and ejection
fraction by contrast echocardiography: a comparison with magnetic
resonance imaging. J Am Coll Cardiol 2004;44:1030–5.
5. Schiller NB, Shah PM, Crawford M, et al. Recommendations for
quantitation of the left ventricle by two-dimensional echocardiogra-
phy. American Society of Echocardiography Committee on Standards,
Subcommittee on Quantitation of Two-Dimensional Echocardio-
grams. J Am Soc Echocardiogr 1989;2:358–67.
6. Goerke RJ, Carlsson E. Calculation of right and left cardiac ventricular
volumes. Method using standard computer equipment and biplane
angiocardiograms. Invest Radiol 1967;2:360–7.
7. Kasser IS, Kennedy JW. Measurement of left ventricular volumes in
man by single-plane cineangiocardiography. Invest Radiol 1969;4:83–
90.
8. Dodge HT, Sandler H, Ballew DW, Lord JD Jr. The use of biplane
angiocardigraphy for the measurement of left ventricular volume in
man. Am Heart J 1960;60:762–76.
9. Buck T, Hunold P, Wentz KU, Tkalec W, Nesser HJ, Erbel R.
Tomographic three-dimensional echocardiographic determination of
chamber size and systolic function in patients with left ventricular
aneurysm: comparison to magnetic resonance imaging, cineventricu-
lography, and two-dimensional echocardiography. Circulation 1997;
96:4286–97.
0. Bellenger NG, Burgess MI, Ray SG, et al. Comparison of left
ventricular ejection fraction and volumes in heart failure by echocar-
diography, radionuclide ventriculography and cardiovascular magnetic
resonance; are they interchangeable? Eur Heart J 2000;21:1387–96.
1. Nieman K, Cademartiri F, Lemos PA, Raaijmakers R, Pattynama
PM, de Feyter PJ. Reliable noninvasive coronary angiography with fast
submillimeter multislice spiral computed tomography. Circulation
2002;106:2051–4.
2. Dewey M, Laule M, Krug L, et al. Multisegment and halfscan
reconstruction of 16-slice computed tomography for detection of
coronary artery stenoses. Invest Radiol 2004;39:223–9.
3. Mollet NR, Cademartiri F, Nieman K, et al. Multislice spiral
computed tomography coronary angiography in patients with stable
angina pectoris. J Am Coll Cardiol 2004;43:2265–70.
4. Kuettner A, Beck T, Drosch T, et al. Diagnostic accuracy of
noninvasive coronary imaging using 16-detector slice spiral computed
tomography with 188 ms temporal resolution. J Am Coll Cardiol
2005;45:123–7.
5. Leber AW, Knez A, von Ziegler F, et al. Quantification of obstructive
and nonobstructive coronary lesions by 64-slice computed tomogra-
phy: a comparative study with quantitative coronary angiography and
intravascular ultrasound. J Am Coll Cardiol 2005;46:147–54.
6. Raff GL, Gallagher MJ, O’Neill WW, Goldstein JA. Diagnostic
accuracy of noninvasive coronary angiography using 64-slice spiral
computed tomography. J Am Coll Cardiol 2005;46:552–7.
7. Miller S, Simonetti OP, Carr J, Kramer U, Finn JP. MR Imaging of
the heart with cine true fast imaging with steady-state precession:
influence of spatial and temporal resolutions on left ventricular
functional parameters. Radiology 2002;223:263–9.8. Griswold MA, Jakob PM, Heidemann RM, et al. Generalized
autocalibrating partially parallel acquisitions (GRAPPA). Magn Reson
Med 2002;47:1202–10.
9. Lorenz CH, Walker ES, Morgan VL, Klein SS, Graham TP Jr.
Normal human right and left ventricular mass, systolic function, and
gender differences by cine magnetic resonance imaging. J Cardiovasc
Magn Reson 1999;1:7–21.
0. Yamaoka O, Yabe T, Okada M, et al. Evaluation of left ventricular
mass: comparison of ultrafast computed tomography, magnetic reso-
nance imaging, and contrast left ventriculography. Am Heart J
1993;126:1372–9.
1. Juergens KU, Grude M, Maintz D, et al. Multi-detector row CT of
left ventricular function with dedicated analysis software versus MR
imaging: initial experience. Radiology 2004;230:403–10.
2. Dirksen MS, Bax JJ, de Roos A, et al. Usefulness of dynamic multislice
computed tomography of left ventricular function in unstable angina
pectoris and comparison with echocardiography. Am J Cardiol 2002;
90:1157–60.
3. Cerqueira MD, Weissman NJ, Dilsizian V, et al. Standardized
myocardial segmentation and nomenclature for tomographic imaging
of the heart: a statement for healthcare professionals from the Cardiac
Imaging Committee of the Council on Clinical Cardiology of the
American Heart Association. Circulation 2002;105:539–42.
4. Stamm G, Nagel HD. CT-expo—a novel program for dose evaluation
in CT. Rofo 2002;174:1570–6.
5. Dewey M, Müller M, Teige F, et al. Multisegment and halfscan
reconstruction of 16-slice computed tomography for assessment of
regional and global left ventricular myocardial function. Invest Radiol
2006;41:400–9.
6. Dewey M, Müller M, Teige F, Hamm B. Evaluation of a semiauto-
matic software tool for left ventricular function analysis with 16-slice
computed tomography. Eur Radiol 2006;16:25–31.
7. Cranney GB, Lotan CS, Dean L, Baxley W, Bouchard A, Pohost
GM. Left ventricular volume measurement using cardiac axis nuclear
magnetic resonance imaging. Validation by calibrated ventricular
angiography. Circulation 1990;82:154–63.
8. Rawles J. Regression analysis. Lancet 1986:614–5.
9. Bland JM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1986;1:307–10.
0. Knottnerus JA, Muris JW. Assessment of the accuracy of diagnostic
tests: the cross-sectional study. J Clin Epidemiol 2003;56:1118–28.
1. Bottini PB, Carr AA, Prisant LM, Flickinger FW, Allison JD,
Gottdiener JS. Magnetic resonance imaging compared to echocardi-
ography to assess left ventricular mass in the hypertensive patient.
Am J Hypertens 1995;8:221–8.
2. Lethimonnier F, Furber A, Balzer P, et al. Global left ventricular
cardiac function: comparison between magnetic resonance imaging,
radionuclide angiography, and contrast angiography. Invest Radiol
1999;34:199–203.
3. Germain P, Baruthio J, Mossard JM, Wecker D, Chambron J, Sacrez
A. Comparison of the left ventricular stroke volume and fraction
measured with MRI and contrast ventriculography. Ann Cardiol
Angeiol (Paris) 1989;38:319–25.
4. Van Rossum AC, Visser FC, Sprenger M, Van Eenige MJ, Valk J,
Roos JP. Evaluation of magnetic resonance imaging for determination
of left ventricular ejection fraction and comparison with angiography.
Am J Cardiol 1988;62:628–33.
5. Lindvall K, Hamsten A, Landou C, Szamosi A, de Faire U. Com-
parative study of echo- and angiocardiographically determined regional
left ventricular wall motion in recent myocardial infarction. Eur
Heart J 1984;5:533–44.
6. Mahnken AH, Spuentrup E, Niethammer M, et al. Quantitative and
qualitative assessment of left ventricular volume with ECG-gated
multislice spiral CT: value of different image reconstruction algorithms
in comparison to MRI. Acta Radiol 2003;44:604–11.
7. Grude M, Juergens KU, Wichter T, et al. Evaluation of global left
ventricular myocardial function with electrocardiogram-gated multi-
detector computed tomography: comparison with magnetic resonance
imaging. Invest Radiol 2003;38:653–61.
8. Yamamuro M, Tadamura E, Kubo S, et al. Cardiac functional analysis
with multi-detector row CT and segmental reconstruction algorithm:
comparison with echocardiography, SPECT, and MR imaging. Ra-
diology 2005;234:381–90.
34
4
4
4
A
T
2044 Dewey et al. JACC Vol. 48, No. 10, 2006
CT Evaluation of LV Function November 21, 2006:2034–449. Koch K, Oellig F, Kunz P, et al. Assessment of global and regional left
ventricular function with a 16-slice spiral-CT using two different
software tools for quantitative functional analysis and qualitative
evaluation of wall motion changes in comparison with magnetic
resonance imaging. Rofo 2004;176:1786–93.
0. Ritchie CJ, Godwin JD, Crawford CR, Stanford W, Anno H, Kim Y.
Minimum scan speeds for suppression of motion artifacts in CT.
Radiology 1992;185:37–42.
1. Kühl HP, Schreckenberg M, Rulands D, et al. High-resolution
transthoracic real-time three-dimensional echocardiography: quantita-
tion of cardiac volumes and function using semi-automatic border
detection and comparison with cardiac magnetic resonance imaging.
J Am Coll Cardiol 2004;43:2083–90. t2. Hoffmann R, von Bardeleben S, ten Cate F, et al. Assessment of
systolic left ventricular function: a multi-centre comparison of cine-
ventriculography, cardiac magnetic resonance imaging, unenhanced
and contrast-enhanced echocardiography. Eur Heart J 2005;26:607–
16.
3. Gopal AS, Shen Z, Sapin PM, et al. Assessment of cardiac function by
three-dimensional echocardiography compared with conventional
noninvasive methods. Circulation 1995;92:842–53.
PPENDIX
o view supplementary video files for Figure 6, please see
he online version of this article.
